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Abstract: This paper attempts to present the findings involving rockbursts classification, rockburst failure criteria, and related 
control measures. Experimental investigations were performed using the strainburst testing machine and impact-induced 
rockburst testing machine. According to the stress paths and experimental methods, rockbursts were classified into two major 
groups, i.e. the strainbursts and impact-induced bursts. The mechanisms and criteria of rockburst obtained from experimental 
investigations were discussed. Then, the developments of constant-resistance and large-deformation bolt (CRLDB), which can 
adapt itself to the external loading at a constant resistance by elongating continually, were introduced. The deformation energy of 
country rocks with large deformation can be absorbed by CRLDBs. Finally, the principles and the experimental results for 
control and prevention of rockburst using the CRLDBs were presented.  
Key words: rockburst experiments; true triaxial unloading; constant-resistance and large-deformation bolt (CRLDB); rockburst 
control 
 
 
 
1  Introduction  
With the increase in mining depth and the growing 
requirements for larger openings, rockbursts, a sudden 
violent expulsion of rock fragments and blocks from the 
surrounding rocks, may bring out greater threats to the 
underground openings, the equipments, and the safety of 
the mining workers. Thus, the control measures for 
rockbursts become indispensable in the procedure for 
designing an underground excavation. At the same time, 
rockburst prediction has been one of the biggest 
challenges in the field of rock mechanics for its nature 
of unpredictability (Blake, 1984; He et al., 2007). 
Intensive researches have been conducted on the 
mechanism, prediction and control of rockburst, 
including (1) the rockburst classifications (Ryder, 1988; 
Hasegawa et al., 1989; Kuhnt et al., 1989; Corbett, 
1996); (2) the rockburst dynamic behaviors in mines 
(Salamon, 1993); (3) the energy theories for rockburst 
prediction (Cook, 1965; Linkov, 1996; Wang and Park, 
2001); (4) the numerical simulations of rockburst 
prediction (Cundall and Lemos, 1988; Sharan, 2007); 
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(5) the fracture mechanisms for rock mass at burst 
ahead of the mining face by means of ground 
penetrating radar detection (Grodner, 2001); (6) the 
cyclic uniaxial compression tests (UCTs) in examining 
the energy accumulation mechanisms and in assessing 
the burst potentials (Cundall and Lemos, 1988); (7) the 
laboratory investigation on the unloading failure near 
the face of the underground excavation by using 
conventional triaxial apparatus (Xu, 2003); (8) the 
introduction of some representative rockburst criteria 
(Zhang and Fu, 2008); and (9) the proposition of new 
rockburst criteria that consider the intermediate 
principal stress (Zhou et al., 2008). As a key in 
underground support technique for rockburst 
prevention, the yieldable or energy-absorbing bolts or 
cables are extensively investigated across the world 
(Jager, 1992; Ortlepp, 1992; Ansell, 2005; Lian et al., 
2008; Ozbay and Neugebauer, 2009; Li, 2010). 
This paper presents the achievements in the research 
of the rockburst mechanisms and control measures, 
involving the development of laboratory rockburst 
testing machines, the theoretical and experimental 
investigations, the development of the constant- 
resistance and large-deformation bolt (CRLDB), as 
well as its practical use in the roadway support under 
rockburst conditions. 
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2  Rockburst classifications  
 
Rockbursts can be roughly classified into strainburst, 
fault-slip burst, and pillar burst. Strainburst is a 
self-initiated rockburst, i.e. rockburst occurs in a form of 
sudden release of energy stored in the surrounding rocks 
near the excavation surfaces. Strainburst is associated 
with strain energy in highly stressed brittle rocks around 
deep mine openings that are related to the areas prone to 
rockburst. Fault-slip burst is related to shearing on 
distinct geological features like faults and dykes, and 
shear is normally considered to be the key to the problem. 
The pillar burst depends on the size and the location of 
the pillars in the mine (Kaiser, 2009).  
Rockbursts have been extensively investigated by 
many researchers based on in-situ and laboratory tests, 
as well as theoretical approaches (Wang and Park, 
2001; Gu et al., 2002; Alexeev et al., 2004; Cho et al., 
2005). Among those tests, indoor rockburst tests play 
an important role in understanding its formation 
mechanisms, the calibration of numerical models, the 
evaluation of mechanical parameters, and the 
identification of the stress state where a dynamical 
event may be initiated. These laboratory tests include 
uniaxial compression tests (Badge, 2005; Zuo et al., 
2006), combined uniaxial and biaxial static-dynamic 
tests, true triaxial loading tests (Chen and Feng, 2006; 
Cheon et al., 2006), and conventional triaxial 
unloading tests (Xu, 2003).  
However, these laboratory tests in terms of rockburst 
simulations could not provide correct in-situ stresses 
on the near-face region during underground excavation. 
With respect to the triggering mechanisms, rockbursts 
may occur under high in-situ stress conditions. For the 
surrounding rocks in lower stress state by external 
disturbances, such as blasting, caving, and adjacent 
tunneling, rockbursts can also be triggered. In the 
paper, the rockbursts are classified into two major 
types: the strainbursts and impact-induced burst as 
shown in Fig. 1. 
(1) Strainbursts 
Strainbursts are frequently encountered during 
tunnel excavation, and they are associated with pillar 
and room mining cavities. According to different stress 
paths and failure locations, strainbursts can be divided 
into three sub-types: instantaneous burst, delayed burst 
and pillar burst. 
(2) Impact-induced burst 
After excavation, the surfaces of the cavities and the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Laboratory experimental methods based on rockburst 
classification. 
 
pillars may also suffer rockbursts due to the impact 
waves generated by mining disturbances. According to 
their formation mechanisms, the impact-induced burst 
can be divided into three sub-types, i.e. the rockbursts 
induced by blasting or excavation, by roof collapse, 
and by fault slip. 
 
3  Rockburst experimental devices 
and test methods 
 
3.1 Rockburst experimental devices  
3.1.1 Experimental device for strainbursts 
Physical modeling of rockbursts for deep 
underground engineering is presented in the paper. 
Based on the initial engineering design, the deep 
underground rockburst analogue testing machine 
(DURATM) was developed at China University of 
Mining and Technology, Beijing (CUMTB) in 2004. 
The testing system, a true triaxial testing system, 
consists of three main parts, i.e. the loading/unloading 
device, high-speed data acquisition systems, and 
acoustic emission (AE) detecting systems. The 
loading/unloading device of the DURATM is 
composed of main stand, hydraulic control apparatus 
and force-measuring transducers, which can provide 
dynamic loading and unloading independently in three 
principal stress directions. During the test, one surface 
of the specimen can be unloaded abruptly from the true 
triaxial compression condition, thus stress changes in 
rock masses at the free excavation boundary during 
excavations can be captured. A series of physical 
modeling tests on rockbursts were conducted in 
laboratory for calibrating the machine with the true 
conditions in deep mining (He et al., 2002). 
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One surface of the specimen can be unloaded 
immediately from the state of true triaxial compression 
condition. Ensuring one surface free when unloading 
the applied stress is crucial for a genuine simulation of 
in-situ rockburst. At the same time, the design of the 
single face unloading device (SFUD) in the DURATM 
is one of the difficulties. According to the layout of the 
DURATM, the SFUD was developed (Fig. 2), which 
can make the surface of the specimen fully exposed to 
air as needed. Thus, the stress state transition can be 
realized during rockburst simulation process. 
 
 
 
 
 
 
 
 
(a) Photograph taken at laboratory for an overview of the DURATM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Schematic diagram of the SFUD. 
Fig. 2 Illustrations of the DURATM. 
 
3.1.2 Experimental device for impact-induced burst 
A new experimental system, deep rock nonlinear 
mechanical testing system (MS-500S, Fig. 3) that was 
conceived at 2006, was developed. On February 26, 
2011, the testing machine passed the technical 
evaluation organized by Logistics and Asset 
Management Division, China, and can be used to 
simulate the impact-induced burst. 
 
 
 
 
 
 
  
 
(a) A photograph taken at laboratory for an overview of the system. 
 
 
 
 
 
 
 
 
 
(b) Loading principle diagram of the tunnel-like specimens. 
Fig. 3 Illustrations of the deep rock nonlinear mechanical testing 
system (MS-500S). 
 
The system consists of main stand, servo-controller 
and hydraulic power. It can generate various types of 
disturbance wave signals (Table 1) and allows for 
reproducing stress circumstances similar to the 
underground excavation when using the drill-and-blast 
method. 
3.2 Rockburst experimental methods 
3.2.1 Experimental methods for strainbursts  
Various types of strainbursts can be simulated by 
this testing system (Fig. 2) with different methods.  
(1) Instantaneous burst. One surface of the specimen 
is unloaded suddenly from a true triaxial stress state to 
simulate the strainbursts immediately after excavation, 
and the schematic diagram of loading-unloading path 
is shown in Fig. 4(a).  
(2) Delayed burst. One surface of the specimen is 
unloaded suddenly from a true triaxial stress state and 
then the vertically imposed stress 1( )  is increased 
based on the stress concentration to simulate the 
strainbursts sometime after excavation due to the stress 
redistribution. The schematic diagram of loading- 
unloading path is presented in Fig. 4(b). 
(3) Pillar burst. Due to the excavation, the pillar size 
decreases, thus the vertical stress increases. Then the 
horizontal stresses 2(  and 3 )  can be gradually 
decreased to simulate the formation of a pillar until the 
burst occurs. The schematic diagram of loading- 
unloading path is illustrated in Fig. 4(c). The schematic 
model of pillar burst is presented in Fig. 5. 
The vertical stress change in the rock pillar before 
and after rockbursts can be expressed by 
1 0 1
1
1c 0 2
2 ( 2 )
p S
S ab
p S
S a a b


      
                                      (1) 
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Table 1 Different impact waveforms for simulating rockburst induced by blasting or excavation. 
No. Waveform name Waveform No. Waveform name Waveform 
1 Ramp wave 
 
9 Ramp and circular wave 
 
2 Sine wave 
 
10 Ramp and noise wave 
 
3 Triangle wave 
 
11 Circular and noise wave 
 
4 Saw tooth wave 
 
12 
Ramp and circular and 
noise wave 
 
5 Square wave 
 
13 Loading single pulse 
 
6 Uniform white noise 
 
14 Uninstall single pulse 
 
7 Gaussian white noise 
 
15 
Loading Laplace  
domain pulse 
 
8 Cycle random white noise 
 
16 
Uninstall Laplace  
domain pulse 
 
 
 
increased vertical stress with the horizontal sectional area 
after the excavation of rock pillars is reduced; 0p  is the 
force in the vertical direction; 1S  is the initial roof 
area of a unit pillar in the surrounding rocks of the 
deep ground roadway; a, b are the cell length and 
width of a unit in deep roadway, respectively; 2S  is 
the critical area of rock pillar at rockburst; a  is the 
excavation length of coal pillar in the horizontal 
sectional area direction of unit volume. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Loading paths for strainbursts. 
 
(a) Instantaneous burst. 
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Fig. 5 Schematic diagram of pillar burst model. 
 
3.2.2 Experimental methods for impact-induced burst 
Rockburst induced by blasting or excavation is 
considered. It also can be simulated by this testing 
system (Fig. 3) with different dynamic impact waves. 
Firstly, the static load stresses in x-, y-, and z-directions 
were applied on the specimen to simulate the in-situ 
stresses state. Secondly, the disturbance wave was 
loaded in one, two or three directions and the burst 
phenomena could be observed, in which the 
disturbance load was used to simulate site excavation, 
blasting, earthquakes or mechanical vibration 
waveform. The schematic diagram of loading-unloading 
path is presented in Fig. 6. 
 
 
 
 
 
 
 
 
 
Fig. 6 Loading-unloading path for rockburst induced by blasting 
or excavation.  
 
The methods and the systems for simulating 
rockbursts induced by roof collapse and by fault slip 
will be further developed.  
 
4  Analyses of experimental data 
 
4.1 Analyses for strainbursts  
4.1.1 Instantaneous burst 
A test on granite sample, from Laizhou in Shandong 
Province with dry density of 2.7 g/cm3 and dimensions 
of 150 mm×60 mm×30 mm, was conducted. X-ray 
diffraction analysis shows that this specimen contains 
27% quartz, 68% feldspar and 5% clay minerals 
(mainly mica).  
(1) Test procedure 
The loading-unloading path of instantaneous burst 
type is shown in Fig. 7. The initial stress state 
corresponding to the in-situ stresses was 1=101.1 MPa, 
2=59.8 MPa, 3=29.7 MPa. The stresses were kept 
constant for about 15 minutes before the load on 
surface corresponding to 3-direction was removed 
suddenly by a platen. The largest sample surface was 
exposed to air to observe its change under the stressed 
conditions. If no rockburst happened, the platen was 
put back and dropped again. At last, the sample 
completely failed at the stresses 1=129.3 MPa, 
2=58.5 MPa, 3=0 MPa with a formation of particle 
ejection and buckling. The violent failure formation of 
exposed surface can be defined as strong rockburst. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Loading-unloading path for instantaneous burst.  
  
(2) The AE energy characteristics  
The accumulated AE energy release is presented in 
Fig. 8. In general, three representative stages can be 
observed from the entire test on the granite specimen 
based on the curve of accumulated energy release. At 
the first stage, AE energy releases at a quite low rate, 
especially when the stress state keeps constant. At the 
second stage, accumulated AE energy is characterized 
by a sudden increase in the process of the 1st 
unloading and the 2nd unloading in 3-direction when 
the instantaneous burst happens. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Accumulated AE energy analysis of instantaneous burst. 
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(3) Burst process characteristics 
Analysis of the instantaneous burst is shown in 
Fig. 9. The numbers at the bottom of the samples 
indicate the durations (h: min: s: ms). Fig. 9(a) shows 
the surface of the sample before rockburst. It can be 
observed that: (i) eleven milliseconds later, several 
small grains and fragments of the 1st ejection from 
upper zone of the sample were shown in Fig. 9(b1)– 
9(b5); (ii) about a second later, a quite big fragment 
falling down from the upper left zone of the sample 
surface was captured (Fig. 9(c1)–9(c7)); and (iii)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Analysis of instantaneous burst process. 
 
when rockburst occurred, a lot of fragments ejected 
from the upper region along with violent noise after a 
second and 156 milliseconds were observed (Fig. 9(d1)– 
9(d11)).  
4.1.2 Delayed burst 
A test on marble sample No. 1 taken from Jinping II 
hydropower station in Sichuan Province was conducted. 
The dimensions of the sample are 100 mm×40 mm×20 
mm with a dry density of 2.82 g/cm3. X-ray diffraction 
analysis shows that this specimen contains 0.5% quartz, 
11.3% calcite, 87.8% dolomite and 0.4% clay minerals.  
(1) Test procedure 
The loading-unloading path of the delayed burst 
type is shown in Fig. 10. The initial stresses were 1= 
63.9 MPa, 2=32.7 MPa, 3=34.2 MPa and were kept 
for about 15 minutes before the load on the surface in 
3-direction was removed suddenly. Then, 1 was 
increased to 160.2 MPa that lasts for about 242 
minutes with a loading rate of approximately 0.5 
MPa/s in which each step was kept about 15 minutes. 
Then, the burst happens and consequently the final 
stress state was 1=160.2 MPa, 2=31.9 MPa and 3=0 
MPa. The violent failure, including particle ejection 
and buckling, occurred on the upper zone of the 
sample surface. 
(2) The AE energy characteristics 
The accumulated AE energy release is presented in 
Fig. 11. In general, two representative stages can be 
(a) Before rockburst. (b1) 1st ejection. (b2) 1st ejection. (b3) 1st ejection.
11:52:14:394 11:52:14:405 11:52:14:418 11:52:14:435
(b4)1st ejection. (b5) 1st ejection. (c1) 1st falling 
 down. 
(c2) 1st falling 
down. 
11:52:14:460 11:52:14:500 11:52:15:429 11:52:15:45
(c3) 1st falling 
down. 
(c4) 1st falling  
down. 
(c5) 1st falling 
 down. 
(c6) 1st falling 
down. 
11:52:15:470 11:52:15:500 11:52:15:523 11:52:15:530
(d8) Rockburst. (d9) Rockburst. (d10) Rockburst. (d11) Rockburst.
11:52:15:630 11:52:15:650 11:52:15:670 11:52:15:690
(c7) 1st falling down. (d1) Rockburst. (d2) Rockburst. (d3) Rockburst.
11:52:15:540 11:52:15:550 11:52:15:560 11:52:15:570
(d4) Rockburst. (d5) Rockburst. (d6) Rockburst. (d7) Rockburst.
11:52:15:580 11:52:15:595 11:52:15:605 11:52:15:620
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Fig. 10 Loading-unloading path of delayed burst test. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Accumulated AE energy analysis of delayed burst. 
 
observed from the entire test on the marble specimen 
based on the curve of accumulated energy release. At 
the first stage, AE energy was released at a very low 
rate, especially when the stress state was kept constant. 
At the second stage, the accumulated AE energy is 
characterized by a sudden increase in the process of 
vertical stress increasing to the maximum value when 
the delayed burst happened.  
(3) Burst process characteristics  
Analysis of the delayed burst process was shown in 
Fig. 12. The numbers at the bottom of the samples 
indicate the durations (h: min: s: ms). Fig. 12(a) shows 
the surface of the sample before failure: (i) six 
milliseconds later, a big fragment in the 1st ejection from 
upper zone of the sample was observed (Fig. 12(b1)– 
12(b5)); and (ii) when the rockburst happened, a lot of 
small grains and fragments ejected from the upper and 
medium regions along with violent noise after 224 
milliseconds were captured (Fig. 12(c1)–12(c8)). 
4.1.3 Pillar burst 
A test on granite sample taken from Jining tunnel in 
Inner Mongolia Autonomous Region was presented. 
The dimensions of the sample are 150 mm×60 mm×30 
mm with a dry density of 2.63 g/cm3. X-ray diffraction 
analysis shows that this specimen contains 45% quartz, 
19.3% potash feldspar, 16.7% plagioclase and 19%  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c7) Rockburst.                   (c8) Rockburst. 
Fig. 12 Analysis of delayed burst process. 
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(1) Test procedure 
The loading-unloading path of the pillar rockburst 
type was shown in Fig. 13. The initial stresses were 
1=40.1 MPa, 2=10.3 MPa, 3=5 MPa and were kept 
for about 30 minutes before the vertical stresses 1 was 
increased, while the horizontal stresses were decreased 
gradually in 3-direction. When 1 was increased to 10 
MPa, 3 was decreased to 1 MPa with a loading- 
unloading rate of approximately 0.5 MPa/s. Two 
grades in the loading-unloading curves can be captured 
after burst happened, and consequently the final 
stresses were 1=61.5 MPa, 2=11 MPa and 3=0 MPa. 
The violent failure, including particle ejection and 
buckling, occurred on the entire surface of the sample. 
 
 
 
 
 
 
 
 
 
 
Fig. 13 Loading-unloading path of pillar burst test. 
 
(2) The AE energy characteristics  
The accumulated AE energy release is presented in 
Fig. 14. In general, two representative stages can be 
observed from the entire test on the marble specimen 
based on the curve of accumulated energy release. At 
the first stage, AE energy was released at a low rate, 
especially when the stress state kept constant, but there 
was quite a lot of energy released. At the second stage, 
the accumulated AE energy was characterized by a 
sudden increase in the process of vertical stress 
increasing to the maximum value when pillar burst 
happened. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 Accumulated AE energy analysis of pillar burst. 
(3) Burst process characteristics 
The rockburst process was analyzed for the pillar 
burst as shown in Fig. 15. The numbers at the bottom 
of the samples indicate the durations (h: min: s: ms). 
Fig. 15(a) shows the surface of the sample before 
failure: (i) 558 milliseconds later, the sample surface 
failed with bulking formation at medium zone of the 
sample, as shown in Fig. 15(b1)–15(b3); (ii) a large 
fragment falling down from the upper zone of the 
sample after 1 second and 246 milliseconds was 
observed, as shown in Fig. 15(c1)–15(c3); (iii) a big 
fragment (indicated by a red oval) of the 2nd falling 
down from the upper right zone after 1 second and 412 
milliseconds was observed, as shown in Fig. 15(d1)– 
15(d3); (iv) a big fragment (indicated by a red oval) 
tension from the medium zone and falling down 
thereafter after 1s 596 milliseconds was observed, as 
shown in Fig. 15(e1)–15(e7); and (v) four big 
fragments (indicated by a red, yellow, green and blue 
oval) ejection from the upper right zone after 2 seconds  
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(f21) Ejection.            (f22) Ejection. 
Fig. 15 Analysis of pillar burst process. 
 
and 711 milliseconds were observed in Fig. 15(f1)– 
15(f22). The whole process indicates that the occurrence 
of rockburst can be defined as a strong rockburst with the 
entire failure on the surface of the sample. 
4.2 Analyses for impact-induced burst 
A test on sandstone sample, which has a hole inside 
with a diameter of 50 mm and the sizes of 110 
mm×110 mm×110 mm, was presented. The uniaxial 
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compressive strength of the rock sample is 68 MPa.  
Rockburst induced by blasting or excavation is 
considered. The loading and grading disturbance paths 
were shown in Fig. 16. The rockburst process was 
shown in Fig. 17. The initial stresses were 1=20.7 
MPa, 2=4.3 MPa, and 3=2.5 MPa. The disturbance 
wave only in the 1-direction was applied. The applied 
square wave has amplitude of 0.1 mm, and the 
frequency is 0.05 Hz.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 Loading and grading disturbance path. 
 
 
 
 
 
 
 
 
(a) Spalling at 21.93 minutes.       (b) Spalling at 21.95 minutes. 
 
 
 
 
 
 
 
(c) Rockburst at 31.08 minutes.    (d) Rockburst at 31.10 minutes. 
 
 
 
 
 
 
 
(e) Rockburst at 31.12 minutes.      (f) Rockburst at 32.89 minutes. 
Fig. 17 Impact-induced burst process. 
 
(1) First, apply the 1st disturbance load for 4 
minutes. If no spalling on the surface of the whole 
holes was observed, the disturbance wave should be 
stopped.  
(2) Then, increase the static stress in 1-direction to 
24.2 MPa, and keep the same kind of disturbance load 
(the 2nd disturbance) for 3 minutes. If no spalling was 
observed, the disturbance wave should be stopped. 
(3) Increase the static stress in 1-direction to 26.6 
MPa, and apply the same kind of disturbance wave 
(the 3rd disturbance). The spalling phenomenon could 
be observed followed by a sound on the hole surface of 
the specimen, as shown in Fig. 17(a)–17(b). After that, 
the applied load was kept for 3 minutes. If no crack 
propagated and no further destruction was observed, 
the disturbance wave should be stopped. 
(4) Finally, increase the static stress in 1-direction 
to 29.2 MPa with the same kind of disturbance load 
(the 4th disturbance). Then, the rockburst can be 
captured with a lot of grains or fragments ejection 
accompanied by loud noises, as shown in Fig. 17(c)– 
17(f). In Fig. 17, the marked time was corresponding 
to the loading process of the rock sample. 
 
5  Rockburst criteria 
 
Empirical equations for determining the mechanical 
behaviors of a rock mass associated with discontinuity 
patterns are attractive in rock engineering. Hoek and 
Brown (1980) introduced an empirical approach, 
Hoek-Brown (H-B) criterion, to determine the strength 
of rock masses. The purpose of the H-B criterion based 
rockburst paths representation is to give realistic rock 
strength estimations, providing strength criteria for 
rockburst prediction and control. 
5.1 Strainbursts criterion 
Fig. 18 shows three different stress paths for the 
strainbursts using H-B criterion for strength of rocks 
(Hoek and Brown, 1980; Sonmez and Gokceoglu, 
2006).  
5.1.1 Instantaneous burst criterion  
Fig. 18(a) shows the instantaneous burst path. The 
area Z1 is the potential zone for the occurrence of 
rockburst of this type. Point A represents the initial 
stress state before excavation; and c and r are the 
uniaxial compressive strength (UCS) and the long-term 
peak strength, respectively. The instantaneous burst 
occurs with the release of 3 if the maximum principal 
stress 1c is greater than c. 
The above-mentioned burst stress path indicates that 
the instantaneous burst will happen only when the 
strain energy accumulated in the rocks exceeds the 
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energy that is necessary for rock failure, and there is 
enough excess energy ( E ) that can be released in the 
form of kinetic energy or other forms. The criterion 
associated with the energy required by instantaneous 
burst is  
1c c( ) ( ) 0E E E                                     (2) 
In the UCS test, it is assumed that the critical 
maximum principal strain before the presence of 
rockburst is equal to the axial strain at the peak stress. 
The excess energy stored in the sample will be mainly 
released in the form of kinetic energy, which can 
induce the occurrence of an instantaneous rockburst. 
The energy calculation model is shown in Fig. 19.  
For simplicity, the peak of curve segment of the 
UCS is deemed as a straight line segment. Thus, the 
released energy can be calculated by 
 
 
 
 
 
 
 
 
 
 
(a) Instantaneous burst. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18 Schematic diagram of strainbursts criteria. 
 
 
 
 
 
 
 
 
 
Fig. 19 Model for energy calculation of strainbursts. 
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E                          (3) 
where c  is the maximum principal strain at the peak 
stress in the uniaxial compressive rockburst test. 
5.1.2 Delayed burst criterion 
Fig. 18(b) shows the delayed burst path. Area Z2 is 
the potential burst-prone zone of this type. Point B 
represents the initial stress state before excavation. As 
1  is lower than c , the delayed burst will not occur 
when 3  is suddenly released, unless Eq. (2) is 
satisfied. The increase of 1  may be attributed to: (1) 
the tangential stress concentration due to excavation, 
and (2) the damage of the surrounding rocks by field 
engineering disturbances, such as excavation and 
blasting. Energy release can be calculated by Eq. (3). 
5.1.3 Pillar burst criterion 
Fig. 18(c) shows the stress path for pillar burst. The 
areas Z1 and Z2 can be the potential burst-prone zones 
of the pillar. Points C1, C2 represent the initial stress 
states in the areas Z1 and Z2 before excavation, 
respectively. Increasing 1  and decreasing 3  will 
result in the occurrence of pillar burst. According to 
Fig. 5, energy release can also be calculated by Eq. (3). 
It should be noted that 1  and 1c  can be identified 
by Eq. (1).  
5.2 Impact-induced burst criterion 
Fig. 20 shows three different stress paths for the 
impact-induced burst using H-B criterion for the 
strength of rocks. 
5.2.1 Impact-induced burst criterion by blasting or 
excavation  
Fig. 20(a) shows the stress path of impact-induced 
burst by blasting or excavation. Area Z2 is the 
burst-prone zone of this kind. Point D represents the  
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Fig. 20 Schematic diagrams of impact-induced burst criterion. 
 
initial stress state before excavation. As 1  is lower 
than c  when 3  is released, the impact-induced 
burst criterion by blasting or excavation will not occur 
unless Eq. (2) is satisfied, where 1c  is considered as 
the ratio of the peak force of the blasting shock wave 
to the area given by 
1c max 2/F S                          (4) 
where 
maxF  is the peak blasting impact force, 2S  is 
the contact surface area of the unit volume subjected to 
the blasting induced impact force. 
The mechanical model of the representative unit 
volume for the laboratory test is illustrated in Fig. 21. 
Stress redistribution is induced by rock mass blasting 
wave, and new cracks are generated. Thus, the 
propagation of the cracks is accelerated, and the rock 
mechanical performances are further deteriorated. 
Finally, rockbursts happen. It is noted that energy 
release can also be calculated by Eq. (3), and 1c  can 
be identified by Eq. (4). 
 
 
 
 
 
 
 
 
 
Fig. 21 Illustration of impact-induced burst criterion by blasting 
or excavation. 
 
5.2.2 Impact-induced burst criterion by roof collapse  
Rockburst of this kind occurs in the mine pillar 
overlaid by thick and hard main roof. The roof 
collapses when the hanging roof reaches a certain span, 
clamping and loading on the pillar first. Compressive 
stress waves are then generated. The pillar, which is in 
the critical state under the disturbances of the stress 
waves, will burst. 
In underground coal mining, the most key direction 
due to roof collapse is the direction along the roadway 
excavation. The disturbed area within the rock strata is 
roughly in the range of 100–150 m away from the 
location where the roof collapses. The mechanical 
model of stressed unit volume employed in the 
laboratory simulation tests is shown in Fig. 22. The 
roof collapse induced impact force can be calculated 
by 
1c d /F S                                (5) 
where dF  is the peak dynamic disturbance force 
induced by the shock waves, S  is the contact surface 
area of the unit volume subjected to peak dynamic 
shock wave force.  
 
 
 
 
 
 
 
 
Fig. 22 Schematic diagram of impact-induced burst by roof 
collapse. 
 
Fig. 20(b) shows the impact-induced burst by roof 
collapse. White zone in area Z2 is the potential 
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burst-prone zone of this kind. Point E represents the 
initial stress state before excavation. As 1  is lower 
than c  at the release of 3 , the burst of this kind 
will not happen unless Eq. (2) is required to derive the 
violent failure. The value of 1c  can be determined by 
Eq. (5). It is noted that energy release can also be 
calculated by Eq. (3), and 1 , 1c  can be identified 
by Eq. (5).  
5.2.3 Impact-induced burst criterion by fault slip 
The triggering factor of this kind of rockburst is that 
there exist weak planes where the strength and stiffness 
can change abruptly in the surrounding rocks, thus 
mining activity may result in fault slip or shearing 
failure. The mechanical model for rockburst of this 
kind is illustrated in Fig. 23. The burst impact force 
could be computed by  
1c 3/ /F S mx S                             (6) 
where F is the peak dynamic shock impact force 
simulated in the laboratory tests, m is the mass of the 
fragments in the bursting area, 3S  is the circular area 
of the in-situ bursting pit, and x  is the acceleration.  
 
 
 
 
 
 
 
 
 
 
Fig. 23 Mechanical model for rockburst induced by fault slip. 
 
In Fig. 20(c), white zone in areas Z2 and Z3 is 
burst-prone zone. Points F1, F2 represent the initial 
stress state before excavation. The similar rockburst 
condition is basically the same as those mentioned 
above. It is noted that energy release can also be 
calculated by Eq. (3); 1c  can be identified by Eq. (6). 
 
6  Development of constant-resistance 
and large-deformation bolt 
 
Considering the characteristics of rockbursts with 
strong energy abrupt release, a new CRLDB was 
developed to mitigate the disturbed impacts and 
control rockbursts (Fig. 24). CRLDB is able to 
elongate itself for 1 036 mm at a constant level by its 
built-in drag-adaptive regulator while keeping its 
resistance force. In comparison with other 
large-deformation bolts, CRLDB can bear larger 
deformation subjected to the same tensile force. 
Meanwhile, CRLDB has a higher ultimate bearing 
capacity. 
 
 
 
 
 
 
 
 
The CRLDB is suitable for the rocks and soils with 
large deformation. It has four functions: supporting, 
monitoring, pre-warning, and controlling of disasters. 
The built-in drag-adaptive regulator in the CRLDB can 
be adaptive to the external loading by preventing itself 
from being broken off in the case that the external load 
exceeds the allowable value. The CRLDB has an 
ideally elastoplastic behavior (Fig. 25(a)), and the 
behavior of the traditional bolt is also plotted herein for 
comparison. For a detailed assessment of this new type 
of bolt, tension tests were carried out on a traditional 
bolt and a CRLDB (Fig. 25(b)). At the same tensile 
loading level, the traditional bolt broke off with a 
limited deformation length whereas the CRLDB had 
much longer extensile length than the former. 
The CRLDB can bear many times of shocking while 
remaining good supporting performance. It is suitable 
for supporting in the burst-prone roadways. In order to 
evaluate the properties of CRLDB, the tests on the 
CRLDB were carried out using the dynamic loading 
test system (He et al., 2009).  
 
 
 
 
 
 
 
 
  
(a) Idealized constitutive relationship. 
Fig. 24 Schematic diagram of CRLDB. 
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(b) Experimental constitutive curve. 
Fig. 25 Constitutive relationships for the traditional bolt and 
CRLDB. 
 
Fig. 26 shows the curves for CRLDBs (Nos. 1–9) 
undergoing impact loading for 5–11 times under 
similar dynamic loads. It indicates that the CRLDB can 
work well when subjected to the repeated loads, 
showing a good performance to bear energy impacts.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 26 Mechanical performance curves for the nine sets of 
CRLDB. 
 
7  Prevention and control of rock- 
bursts 
 
7.1 Design of rockburst control  
For an underground roadway, it is assumed that the 
rockburst area is located in an annular region around a 
circular tunnel. The largest depth ΔH is regarded as the 
position of rockburst, and the white-star area as the 
rockburst-prone region (Fig. 27). Considering that 
rockburst may occur in the whole roadway, CRLDBs 
can be uniformly installed around the tunnel for the 
rock support. When calculating the required energy of 
rockburst, the factor of safety should be conservatively 
set as 1.5 times the rockburst-prone location depth due 
to the complicated geological structures and rock  
 
 
 
 
 
 
 
 
Fig. 27 Schematic diagram of rockburst control for a deep 
roadway. 
 
properties. 
If rockburst occurs, the required total energy TE  is 
given by  
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r H r                       (7) 
where ( ) f v is the energy function per unit volume 
required for a rockburst, r is the radius of cross-section 
for a roadway, and  is the conservatively estimated 
volume of rockburst-prone region indicated with black 
area.  
The total energy can be obtained by integrating the 
energy function with the whole burst-prone region as 
integral domain surrounding the roadway. The unit 
volume energy required for a rockburst can be obtained 
from the laboratory rockburst tests in the field stress 
state, ensuring that the cored specimens are 
representative of the physico-mechanical properties of 
the simulated burst-prone site. Therefore, the 
laboratory testing results of the unit volume energy 
could be used to compute the unit volume energy for a 
rockburst event. The next issue is to estimate the size 
of the unit volume or representative elementary 
volume (REV). He et al. (2002) addressed this problem, 
and they considered the essence of the “continuous 
medium” as the “continuity of the micro-REVs that 
gradually occupy the entire body of the material”, and 
the “relativity of the size of the micro-REVs”. He et al. 
(2002) further proposed that the REV has various sizes 
for different rock blocks, i.e. for laboratory-scale rock 
block, and the REV should be very small; for 
engineered rock mass, the REV would be relatively 
larger. Thus, quasi-REV (QREV) is presented. In our 
laboratory tests on the rockbursts, the dimensions of 
the rock specimens are 150 mm×60 mm×30 mm, 
which basically conform to the length scale of the REV 
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for the engineered rock blocks. Therefore, the excess 
energy per unit volume needed for triggering a 
rockburst obtained in the laboratory tests could be 
extended to the field scale.  
The excess energy for a rockburst start in field could 
be estimated with above-mentioned approaches, the 
next issue is how to absorb the excess energy in order 
to control the rockburst. The innovative CRLDB is 
competent in this task due to its approximately ideally 
elastoplastic behavior depicted in Fig. 25. If CRLDB is 
used in the rockburst-prone area, the capacity of 
energy absorbing for a CRLDB can be determined.  
The energy-absorbing capacity for a single CRLDB 
could be calculated according to its constitutive 
relationship. The energy-absorbing capacity has two 
portions: strain energy absorbed by elastic deformation 
of its bolt rod (elastic strain energy EI), and large 
deformation energy absorbed by elongating its bolt rod 
(large deformation energy EII). Generally, CRLDB is a 
compound bolt and the bolt rod can slide (Fig. 24). In 
order to calculate the absorbed energies IE  and IIE , 
the constitutive relationship of CRLDB can be 
simplified in Fig. 28. 
According to the relationship depicted in Fig. 28, we 
can obtain the total energy of single CRLDB. Thus, the 
total energy is 
s I IIE E E                               (8) 
where 
0
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                        (9) 
where 1( )f U  and 2 ( )f U  are the stress-strain curve 
functions during the material deformation stage and the  
structural deformation stage of the CRLDB, CU  and 
0U  are the maximum value of the material 
deformation and the structural deformation of the 
CRLDB. 
Thus, IE  and IIE  can be written as 
2
I 0
II 0 0 0 0
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2 2
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       (10) 
where k  is the stiffness coefficient of the material 
deformation, 0P  is the maximum load during the 
elastic deformation of the CRLDB. 
Substituting Eq. (10) into Eq. (8), we have the 
constitutive relationship for a single CRLDB: 
s 0 0
1 (2 )
2 C
E P U U                          (11) 
Assuming that the surrounding rocks around a 
roadway are supported by the CRLDBs and the 
energy-absorbing capacity for the CRLDB supporting 
system is larger than the total deformation energy of 
the surrounding rocks, all the energy absorbed by the 
CRLDB supporting system is the total energy that 
expels the rocks adjacent to the roadway, moving 
towards the free boundary of the roadway tunnel. It is 
clear that the rockburst is triggered by the total energy. 
From Eq. (7), we can compute the total energy 
required for the occurrence of rockburst, and the 
energy-absorbing capacity for a single CRLDB can be 
determined with Eq. (11). The total numbers of 
CRLDBs for controlling rockburst can be calculated: 
T s/n E E   
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Fig. 29 gives the comparison diagrams of absorbed 
energy model before and after using the CRLDB in a 
circular tunnel. The performances of CRLDB in the 
process of energy absorption at the disturbed 
deformation are shown, in which the circular area 
( U ) is the absorbed energy.  
 
 
 
 
 
 
 
 
(a) Supporting diagram of the tunnel. 
 
 
 
 
 
 
 
(b) After the absorbed deformation energy. 
Fig.29 Energy-absorbed diagram of CRLDB in field. 
  
7.2 Case study 
Jinping II hydropower station is located on Yanlong 
River in Sichuan Province, Southwest China. There are 
seven tunnels in this project in total: two transportation 
tunnels serving as accesses, one drainage tunnel, and 
four water-conveying or headrace tunnels. Each 
extends approximately 16.7 km with around 117 km in 
total. All the tunnels run beneath Jinping Mountain, 
with a maximum elevation of 4 455 m. The maximum 
excavation depth from the surface is 2 525 m when 
driving the headrace tunnels. The mountainous 
topography provides no additional aid for excavation, 
except for the two portals on east and west ends of the 
mountain. The tunnels run mostly through massive 
marbles, except some 5 km weak rocks including slate 
and schist near west portal. By the end of 2010, the 
two transportation tunnels have been in operation. 
Three tunnel boring machines (TBMs) have been 
considered for headrace tunnels Nos. 1 and 3, for about 
6, 5, and 4.6 km from the east portal. The other two 
headrace tunnels Nos. 2 and 4 were excavated with 
drill-and-blast method for approximately 5 km from 
the east portal and 1.8 km from the west portal. Fig. 30 
shows the layout of diversion tunnels.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 30 Layout of diversion tunnels (Guo et al., 2010). 
 
In this paper, the delayed burst of the gray marble in 
laboratory test was considered to calculate the required 
total energy of the rockburst and the number of the 
CRLDB. 
This type of marble is located in the central depth of 
over 2 000 m segment, which is most prone to 
rockburst. The main marble group is thick gray layer of 
T2b, and the moderate-strong rockburst have already 
occurred in the segment. The largest depth of rocks 
associated with rockburst is 3 m, as shown in Fig. 31. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 31 The rockburst observed in the field. 
 
Table 2 shows the basic physico-mechanical 
parameters of gray marble. 1c  can be obtained from 
Fig. 10. The basic mechanical parameters of CRLDB 
are listed in Table 3. 
 
Table 2 The basic physico-mechanical parameters of gray 
marble. 
No. Rock type 
Size 
(mm×mm×mm) 
1c 
(MPa) 
c 
(MPa) 
c 
(mm)
#1 Marble 100×40×20 160.2 76.81 0.205
 
Table 3 The basic parameters of CRLDB. 
Name Length (mm) Diameter (mm) 
P0 
(kN) 
U0 
(mm)
UC 
(mm)
CRLDB 1 200 24 130 1 036 61.2
Rock mass Bolt 
Rock mass Bolt 
Bolt   
  Bolt 
ΔU 
Yalong River
 
  
 
Diversion 
tunnel 
 
 
Jinping II project
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Fig. 32 shows the physical model of tunnel of 
Jinping II hydropower station. The diameter of the 
tunnel is 13 m, assuming that the largest depth ΔH of 
rockburst region is 3 m. Thus, the largest design depth 
is 4.5 m (1.5ΔH) when the CRLDB is considered for 
designing rockburst support.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 32 Physical model of tunnel. 
 
The number of the CRLDB can be calculated by  
Eq. (12). When all the parameters are substituted into 
Eq. (12), the result of 0.3n   can be obtained. The 
results show that the innovative CRLDB is suitable for 
supporting the burst-prone roadways.  
 
8  Concluding remarks  
 
From above-mentioned analysis, it is clear that the 
true triaxial unloading apparatus can reproduce the 
rockburst phenomenon in laboratory. The primary 
feature of the apparatus lies in the single-face 
unloading, which can simulate the stress paths existing 
in the face of the underground excavations. The 
following conclusions can be drawn:  
(1) The nonlinear true triaxial loading device can be 
used to simulate impact-induced bursts by generating 
different types of disturbance wave signals, analogous 
to such impact induced by the drill-and-blast method.  
(2) Based on the rockburst testing devices and 
characteristics of the stress states, a new classification 
of rockburst was proposed, including the experimental 
procedures, the stress paths drawn on the 1-3 space 
with respect to the H-B criterion, and the released 
energy-based rockbursts criteria.  
(3) The theorems allow for linking released energy 
in the laboratory rockburst experiment with that for 
field rockbursts.  
(4) The performance of the CRLDB was 
experimentally verified for absorbing the impact 
energy during the rockburst events. The constitutive 
equation and the countermeasures for controlling 
rockbursts in the underground mines were described. 
The feasibility of the CRLDB-based rockburst control 
was also testified, which is expected to play a 
significant vole in control and prevention of deep 
engineering disasters.  
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